Introduction
Fungal diseases are responsible for considerable yield losses in sugarcane crop. About 160 fungi have been reported to infect sugarcane, while seven diseases with unknown etiologies have been recognized and documented (Rott, Chitinases are lytic enzymes that act on chitin, which is the major constituent of the cell wall of the majority of fungi. Chitinases are proteins related to pathogenesis and are involved in the plant defense response upon pathogen infection (Shin et al., 2008; Su et al., 2015) . The hydrolytic action of chitinase results in the degradation of the fungal cell wall.
We manipulated the sugarcane genome with a barleyderived endochitinase II gene for effective control of red rot disease. Studies were carried out to assess the antifungal properties of the chitinase II gene isolated from barley. The results of these studies are reported in this manuscript.
Materials and methods

Construct details
The chitinase II (CEMB-chiII) gene, with accession no. KC899774.1, was kindly provided by the Seed Biotechnology Lab, Centre of Excellence in Molecular Biology (CEMB), Lahore, Pakistan. The ~690-bp chitinase gene was cloned at multiple cloning sites (MCSs) of a binary vector, pCAMBIA1301, downstream of a polyubiquitin promoter. The gene was initially amplified with primers to modify the transgene fragment with the desired restriction site to facilitate directional cloning. The chitinase II gene was amplified with the forward primer BamHI restriction site 5′-GACGGATCCGTCATCACGCAATCGGTGTA-3′ and reverse primer KpnI restriction site 5′-GCGGGTACCGAAGTTTCGCTGGGTGTAGC-3′. At the MCS of pCAMBIA1301, the polyubiquitin promoter was cloned at the HindIII and BamHI restriction sites followed by a transgene that was cloned at the BamHI and KpnI sites, while the NOS terminator was cloned at the KpnI site to construct pUbi-chiII ( Figure 1 ). The ligated products were moved into chemically competent E. coli DH5α cells through a heat-shock method as adopted from Froger and Hall (2007) . Positive clones were selected after restriction digestion and subsequently through sequencing ( Figure S1 ).
Plant material
Sugarcane (Saccharum officinarum L.) cultivar S2006SP-93 was obtained from the Sugarcane Research Institute of Faisalabad, Pakistan. The plants were grown in growth chambers with a 16-h light period, with 600 mE m -2 s -1 light intensity and a temperature regime of 20 °C : 18 °C (light : dark). Fresh light green leaf tissues were taken from the inner whorl of the sugarcane spike and were sterilized by immersion in a solution containing 0.1% mercuric chloride and 0.1% Tween-20 for 10-15 min and were later rinsed in sterile distilled water. Furthermore, a piece of leaf of 1-2 mm was used as an explant to induce friable embryogenic calli. The leaf disks were placed onto S1 medium [MS basal medium (Murashige and Skoog, 1962) supplemented with 1.0 g/L casein hydrolysate, 2 mg/L 2,4-D, 3% sucrose, and 2.23 g/L Phytagel; pH 5.7] plates and were placed in the dark at 25 °C for 5-7 days to initiate calli. Green nodular embryogenic calli were transferred to CM medium [S1 medium with 6 g/L Phytagel] 4-16 h prior to genetic transformation.
Nuclear transformation
The genetic transformation of sugarcane cultivar S2006SP-93 was done through particle bombardment using a homemade biolistic gun [developed by CEMB, in collaboration with the Pakistan Atomic Energy Commission]. A total of 5 µg of the construct pUbi-chiII was coated with 60 µL of tungsten particles. Furthermore, 50 µL of 2.5 M sterilized CaCl 2 solution was added, followed by 20 µL of 0.1 M spermidine. The whole reaction mixture was vortexed thoroughly. In total, 40 µL of the mixture that comprised DNA-coated tungsten particles was loaded onto the center of the filter assembly inside the locally developed biolistic gene gun. Bombardment of the DNAcoated tungsten particles was carried out under a partial vacuum of 25 mmHg and 1500 psi pressure of helium gas. Sixteen hours after the bombardment, the calli were shifted to the regeneration medium (S2) adopted from Nasir et al. (2014) . For the controls, the empty pCAMBIA1301 Figure 1 . Diagrammatic outline of the binary construct (pUbi-ChiII) that was used to genetically transform sugarcane cultivar SP93. The transgene, the chitinase II gene, was cloned in the MCS of the pCAMBIA1301 vector at the BamHI and KpnI sites while it was driven by the polyubiquitin promoter that was cloned upstream of the transgene with the HindIII and BamHI sites. The gene was terminated with an NOS terminator that was cloned at the KpnI site.
vector, without transgene, was used to bombard sugarcane calli and proceeded as described above. After 7 days of transformation, the proliferating calli pieces were shifted onto S2 medium plates additionally supplemented with 150 mg/L kanamycin as described by Mustafa and Khan (2012) . The sensitivity of calli to the antibiotic and the survival rate of the transformed cells along with the regeneration response was evaluated. The complete regenerated plantlets were subcultured onto MS medium in combination with 3% sucrose as a carbon source with pH 5.7-5.8 in glass tubes for about 2-3 weeks for the development of shoots and roots. The sugarcane plants that developed from the empty vector were designated as T 0 plants.
PCR screening
The potential transgenic sugarcane plants were analyzed by transgene amplification with a specific primer pair. DNA extraction of the transformed sugarcane plants was done with a genomic DNA purification kit (Thermo Scientific), and the isolated DNA was used as a template to amplify the transgene for screening potential transgenic sugarcane plants. A primer pair specific for the chitinase II gene was used to amplify the transgene. The PCR products were resolved on a 1% agarose gel and were stained with ethidium bromide.
Confirmation of the transgene integration
A Southern blot was performed to verify the transgene integration in the genome of the transformed sugar cane plants. A chitinase gene fragment of ~690 bp was labeled with digoxigenin (DIG) using a DIG DNA Labeling and Detection Kit (Roche) as per the instructions. Approximately 20 µg of genomic DNA of regenerated sugarcane plants was digested with the restriction enzymes BamHI and KpnI. The digested fragments were resolved on 0.8% agarose gel and were blotted onto Hybond-N+ nylon membranes (Amersham, USA). The membranes were probed with DIG-labeled coding region fragments of the barley chitinase II gene. The hybridization was carried out at 65 °C for 16 h followed by detection through an enzymatic reaction where BCIP/NBT tablets were used as a substrate against the alkaline phosphatase enzyme.
The transformation efficiency was calculated on the basis of the preliminary molecular analysis including the PCR and Southern blot.
Fungal inhibition assay
The promoter-driven constitutive expression of the recombinant chitinase protein in the transgenic sugarcane plants was revealed by an in vitro fungal inhibition assay and an endochitinase activity assay. Total crude protein extract of transgenic sugarcane plants was used for the in vitro fungal inhibition assay adopted from Mondal et al. (2003) . One gram of fresh leaf sample from the transgenic sugarcane plants was collected, ground in liquid nitrogen, and resuspended in 500 µL of the protein extraction buffer. The samples were centrifuged at 13,200 × g for 20-25 min at 4 °C. The supernatant corresponded to the crude protein extract and was used directly in the inhibition assay. A spore suspension of 20 µL (2 × 10 6 spores/mL) of C. falcatum was added into the wells made in the center of potato dextrose agar (Oxoid) plates and was incubated at 28 °C overnight. Later, 50 µg of the extracted crude protein from the transgenic sugarcane plants was added to the wells previously inoculated with C. falcatum and the incubation continued at 25 °C for 3 days. The negative control was prepared by adding the same concentration of fungal inoculum (20 µL of spore suspension of 2 × 10 6 spores/mL) to the well, and 50 µg of the crude protein from the T 0 plant was applied.
The radial growth of the fungus was recorded daily for up to 3 days. The percent inhibition of C. falcatum hyphal growth was calculated as the ratio of the diameter of the fungal colony in the treatment to the diameter of the fungal colony in the control sample multiplied by 100 (Plascencia-Jatomea et al., 2007) .
Endochitinase activity assay
The presence of recombinant chitinase protein in the transgenic sugarcane plants was revealed by an endochitinase activity assay (Sigma). The kit was based on a fluorometric assay, which involves the enzymatic hydrolysis of the substrate, chitin, and the absorbance of the released substrate was measured at 405 nm. The total crude protein extract from the transgenic sugarcane plants was isolated and quantified by the Bradford assay (Bradford, 1976) . Of the 200 µL of total crude protein, 10 µL was placed in a 96-well ELISA plate, and 90 µL of the substrate 4-nitrophenyl β-D-N, N' ,N"-triacetylchitotriose was added. The plate was incubated at 37 °C for 30 min followed by an absorption measurement at 405 nm. For the negative control, the crude protein extract from the T 0 sugarcane plants was used for the endochitinase activity assay, while Trichoderma purified chitinase, provided in the kit, was used as a positive control. The amount of endochitinase was calculated using the procedure described by Bergmeyer et al. (1974) :
where A 405 sample is the absorbance of the sample at 405 nm; A 405 blank is the absorbance of the blank at 405 nm; 0.05 represents mmol/mL p-nitrophenol in the standard solution; 0.3 represents the final volume of the 96-well plate reaction after addition of the stop solution (mL); DF is dilution factor, the fold dilution of the original chitinase enzyme or biological solution to prepare sample for the test; A 405 standard is the absorbance of the standard solution at 405 nm; time is in minutes; and V enz is the volume of the sample (mL).
Antifungal bioassay on transgenic sugarcane plants
The resistance of the transgenic sugarcane plants against C. falcatum was assessed by antifungal bioassays. Transgenic sugarcane plants exhibiting a significantly high fungal inhibition in the in vitro assays were selected. The method was adopted from Yevtushenko et al. (2005) with slight modifications. Thirty-day-old transgenic sugarcane plants and control plants (T 0 ) were assessed in this assay. For the bioassay of the whole plants, the transgenic and control plants were subcultured in test jars. After 10 days, a 0.5-cm 2 PDA agar block of C. falcatum with good mycelial growth was placed in the jar. The inoculated plants were placed in the light at 25 ± 2 °C under a 16/8-h photoperiod and were observed for any morphological symptoms particular to C. falcatum and survival for up to 15 days.
Differential mRNA expression of the chitinase gene in the transgenic sugarcane plants
Transgenic sugarcane plant exhibiting high antifungal potential in the in vitro bioassay was selected for mRNA expression. The transgenic sugarcane plant grown in MS media was inoculated with 1 mL of the spore suspension of C. falcatum, corresponding to 10 4 spores. For mRNA expression of the chitinase gene, the samples were collected at 24 h, 48 h, 72 h, 96 h, and 120 h after fungal inoculation. Total RNA was isolated from the leaf samples at 48 h after fungal inoculation by using TRIzol reagent (Invitrogen) as per the manual. Then 1 µg of total RNA was used to synthesize the cDNA using a cDNA synthesis kit (Thermo Scientific) as per the instructions. This cDNA was used as the template in the subsequent semiquantitative real-time PCR assay with forward (5'-AGCCCAGGGTAACAAACCAT-3') and reverse (5'-CCAAGCATACCGCAATACCT-3') primers. Realtime PCR was performed on a quantitative thermocycler with Piko Real 3.1 software (Thermo Scientific) using SYBR Green qPCR 2X Master Mix (Thermo Scientific). The reaction profile was denaturation at 94 °C for 4 min followed by 35 cycles of 94 °C for 30 s, 61 °C for 30 s, and 72 °C for 30 s. Beta-actin was used as the internal control for normalization, which was amplified with the forward primer 5'-ATGTTCCCGGGTATTGCTGACAG-3' and the reverse primer 5'-CTGCCTTTGCAATCCACATCTGCT-3' . Relative gene expression analysis was done by using the Ct values of the different samples and the standard deviation was calculated. Each real-time PCR assay was performed in triplicate.
Results
Transformation and molecular characterization of the transgenic sugarcane plants
The main aim of the research was to develop transgenic lines of sugarcane tolerant against the red rot causative agent, C. falcatum. The constructed binary vector, pUbi-chiII, harboring the ubiquitin promoter, the chitinase II gene, and NOS terminator, was propagated in E. coli cells and was confirmed at each step of cloning through a restriction digestion. Figure 2 represents the different steps of the pUbi-chiII construct synthesis. The successful release of a specific insert from the total vector represented positive cloning. Furthermore, a high concentration of the pUbi-chiII vector was obtained with a maxi prep that was used in the bombardment experiment later.
In total, 30 regenerated plantlets were obtained after transformation that survived the kanamycin selection, while 15 T 0 plantlets were obtained after transformation with the empty pCAMBIA1301 vector, and these were treated as control plants.
While screening the transformed sugarcane plants, out of the 30 regenerated sugarcane plantlets transformed with the pUbi-chiII construct, only 4 plantlets (SCT-03, SCT- 05, were positive when analyzed by PCR with gene-specific primers as shown in Figure 3a . A sharp and clear amplification at ~672 bp was observed in four samples, while in the T 0 plantlets no amplification of the transgene was observed. The regenerated sugarcane plants transformed with the pUbi-chiII construct that were positive by PCR were subjected to Southern blotting, whereby all the PCR positive plants, including the SCT-03, SCT-05, SCT-15, and SCT-20 plants, were positive upon hybridization with the chitinase II gene probe when spotted onto a nylon membrane (Figure 3b ). The transformation efficiency was estimated to be 14% to 28% in duplicate, as shown in the Table. 3
.2. Expression of the chitinase II gene in sugarcane
To assess the functionality of the protein in the transgenic sugarcane lines, an in vitro fungal inhibition assay was performed with the crude protein extracts from the transgenic sugarcane plants. Transgenic sugarcane plant SCT-15 exhibited the maximum inhibition of red rot causative fungus C. falcatum, which was 56%, while the transgenic sugarcane plant SCT-03 inhibited C. falcatum growth by 49%. In addition, the crude protein of SCT-05 inhibited fungal growth by up to 40%, and transgenic sugarcane plant SCT-20 inhibited C. falcatum growth by 52% (Figure 4 ). These were in comparison with the control sample (T 0 ), where no inhibition of subjected fungal growth was revealed. Similarly, the chitinase activity of the total transgenic plant protein extract was quantified by fluorescence assays using the specific substrate 4-methylumbelliferyl-b-d-N,N′,N″,N′′′-tetraacetylchitotetraoside [4-MU-(GINAc)4] ( Figure 5 ). All four transgenic sugarcane plants, SCT-03, SCT-05, SCT-15, and SCT-20, were positive for the endochitinase activity assay. However, the enzyme quantity varied among the lines. Figure 5 shows that in the transgenic sugarcane plant SCT-03, 0.64 U/mL of the enzyme endochitinase was present, while SCT-05 had 0.6 U/mL and SCT-20 had 0.58 U/mL, and SCT-15 showed the maximum units of endochitinase at 0.72 U/ mL. The positive control provided in the kit gave 5.67 U/ mL of endochitinase. These results showed that the protein produced by the transgene is functional and hence exhibits chitinase activity.
Overproduction of chitinase II promotes disease resistance of transgenic sugarcane to red rot pathogens
On the basis of the in vitro fungal inhibition assay and the endochitinase activity assay, two transgenic sugarcane lines, SCT-15 and SCT-20, were selected for the bioassay. Transgenic sugarcane lines SCT-15 and SCT-20 and the control T 0 plants were infected with C. falcatum. After 2 weeks, the control sugarcane plant turned brown and weak, and it eventually died in the third week ( Figure  6 ), while transgenic sugarcane plant lines SCT-15 and SCT-20 remained green and healthy until the 2nd and 3rd weeks after C. falcatum infection. This result showed that the overproduction of chitinase rendered the plants tolerant against red rot infection. Although the inoculated fungi had overgrowth in the jars where the plants were present, as shown in Figure 6 , fungal mycelia were seen on the stem of the subjected plant but at the third week of infection, and the control plant turned brown and died eventually while the transgenic plant remained stable. It is noteworthy that the subjected transgenic sugarcane plant lines SCT-15 and SCT-20 showed maximum enzyme activity in the endochitinase activity assays. Hence, transgenic sugarcane lines SCT-15 and SCT-20 not only survived even after heavy infection of red rot but also remained healthy and green.
The effect of inoculated fungal stress on the mRNA expression of the transgene in transgenic sugarcane plants Figure 3 . Molecular analyses to screen the potential transformed sugarcane plants. A) Amplification of the transgene from the transformed sugarcane plants using genomic DNA as the template. A sharp amplified fragment of ~672 bp was clearly seen in a few of the plant samples, while for the others, no product was amplified, depicting untransformed sugarcane plant samples. b) Southern blot was used to reveal that the chitinase II gene was integrated into the genomic DNA of the transformed sugarcane plants. The chitinase II gene fragment was DIG-labeled and used as a probe. "Positive" refers to the plasmid DNA, pUbi-ChiII.
SCT-15 and SCT-20 was revealed by real-time PCR. Upon infection of C. falcatum in the transgenic sugarcane plant SCT-15, the mRNA expression of the transgene initially rapidly reduced to 0.69 at 24 h after infection. However, at 48 h and at later stages, the transgene expression increased and remained almost stable (Figure 7) . The mRNA expression at 48 h was 1.4. At 72 h, the expression level was 3.37, and at 96 h, the expression was 2.87, while at 120 h, the expression was 3.13 (Figure 7) . In contrast, in transgenic sugarcane line SCT-20, the mRNA expression of the transgene was initially reduced to 0.5 at 24 h, but in subsequent hours, the expression increased gradually and was maximum at 120 h. At 48 h after red rot infection, the expression revealed was 1; at 72 h the expression was 1.7; at 96 h it was 1.9; and at 120 h the mRNA expression was 2.2 ( Figure 7) . Thus, it can be concluded that the chitinase activity detected in the transgenic sugarcane is a consequence of chitinase overexpression and responds to its own lytic activity. Additionally, upon fungal stress, the expression of the transgene was initially reduced due to stress, but with time an increase in expression was observed. Conclusively, transgenic sugarcane lines SCT-15 and SCT-20 have the required tolerance to protect themselves from heavy infection of red rot, and this tolerance is attributed to the high expression of the chitinase gene.
Discussion
The main objective of this study was to develop red rottolerant transgenic sugarcane by integrating an antifungal gene derived from barley. Red rot caused by C. falcatum exhibits enormous variation in pathogenicity on sugarcane (Viswanathan, 2017) . Plant chitinases, when transformed in plants, have been reported to confer resistance against fungal disease (He et al., 2008; Iqbal et al., 2012; Jabeen et al., 2015) . Barley chitinase had previously been used for its ability to develop fungal resistant crops (Kirubakaran and Sakthivel, 2007; Khan et al., 2017) . Generally, the transgene expression in the host plant depends upon the promoter being used. We employed a maize polyubiquitin promoter to express the chitinase gene in sugarcane. This promoter has shown comparatively high expression in monocot plants when compared with the CaMV35S promoter as Table. Transformation efficiency of sugarcane cultivar SP-93 when the particle bombardment method through a gene gun was adopted. documented by Joung and Kamo (2006) . The transgene was moved into the plant by bombardment through a gene gun. Particle bombardment in sugarcane is efficient and rapid and more than one gene can be transformed (Kaur et al., 2007) with 10%-35% transformation efficiency (Wang et al., 1997) . In plant transformation, the antibiotics employed for the selection of the transformants differ in their stringency, which depends on their mode of action. Kanamycin has proven effective at a concentration of 150 mg/L in the selection of putative transgenic sugarcane plants as the nontransformed cells die upon selection and only the cells with the foreign construct survive. Foreign DNA, when introduced into the plant, integrates at random, nonhomologous sites in the genome, where some integrations may occur in transcriptionally active chromatin regions while some others may be located in condensed, transcriptionally inert chromatin regions and thus define reduced or variable expression in the transgenic plants (De Alba et al., 2013) . As in our findings, the transgene expression varied among all four transgenic lines of a single plant cultivar. The position of the transgene in the host genome is also associated with the transgene expression levels (Tang et al., 2003) .
For a transgene to be effective in protecting a plant against a particular pathogen, the concentration of the recombinant protein must be sufficiently high. Transgenic sugarcane lines SCT-15 and SCT-20 possessed the highest units of chitinase enzyme among the four tested transgenic lines and, in parallel, inhibited the mycelial growth of C. falcatum by up to 56% and 52%, respectively, in the in vitro fungal inhibition assay. Our findings are in agreement with Mondal et al. (2003) , who generated transgenic plants of Brassica juncea with a chitinase gene insertion. The crude protein extract of transgenic B. juncea showed 12% to 56% inhibition of the different tested pathogenic fungi.
To reveal the mRNA expression of the transgene, relative quantification is routinely used in comparison with control and untreated samples. From our findings, upon infection with red rot, the mRNA expression of the transgene rapidly decreased in both tested transgenic sugarcane lines (SCT-15 and SCT-20) but gradually increased in the subsequent hours and remained stable after 72 h; hence, we concluded that chitinase responds to the stress gained by the host plant after it is inoculated with C. falcatum. This inoculation of C. falcatum induces stress in the subjected transgenic sugarcane plant, which corresponds with reduced mRNA expression of the transgene. However, the gradual increase in the mRNA expression of the transgene in the subsequent hours of the fungal inoculation documented the tolerance of the transgenic lines against the subjected fungus. This tolerance was attributed to the overexpression of the chitinase gene, which has also been reported as an abiotic stress-tolerant gene (Su et al., 2014) .
Several attempts, including the use of pathogenesisrelated proteins, have been made to overcome pathogenic fungi in crop plants (Souza et al., 2017) . Khan et al. (2016) reported the development of Rhizoctonia solani-resistant potato plants through the genetic transformation of the chitinase II gene. Similarly, He et al. (2008) reported Colocasia esculenta plants transformed with the rice chitinase gene, and upon infection with fungus, the nontransgenic plants died after 3 to 5 days, while the transgenic plants survived for 1 week after infection. In a similar study, Shin et al. (2008) expressed the barley chitinase II gene in wheat. Their study revealed that the transgenic wheat showed resistance against Fusarium graminearum under controlled and field conditions. Recently, Nayyar et al. (2017) expressed β-1,3-glucanase gene from Trichoderma spp. to create resistance in sugarcane against C. falcatum Went. They revealed that transgene expression in the first clonal generation raised from T 0 exhibited 4.4-fold higher expression.
In conclusion, our findings support a strong correlation between the levels of the transgene transcripts and endochitinase activity, and additionally, the results of the in planta fungal inhibition assays in the transgenic lines confirmed that the inhibitions observed were directly linked to the presence of the heterologously overexpressed barley chitinase protein. These promising results indicate that the barley-derived chitinase gene is an excellent candidate that can be employed for the generation of fungus tolerant crop plants. 
